Summary Two-year-old Sitka spruce (Picea sitchensis (Bong.) Carr.) seedlings were subjected to nitrogen (N) deficiency for 1 year and then treated twice weekly with N fertilizer solutions (0 to 224 mg N l −1 ) for 20 weeks. Needle growth in terms of projected area and cell number, and photosynthesis in terms of pigment concentration, net photosynthetic rate (P N ), stomatal conductance to CO 2 (G S ) and intercellular partial pressure of CO 2 (C i ) were measured. Nitrogen deficiency caused significant reductions in needle size and needle number per shoot. Refertilization caused free growth, and increases in size and cell number of needles arising from primordia initiated during N deficiency. Nitrogen concentration did not affect mean cell size, indicating that N nutrition determined needle size through cell division and not cell expansion, and that favorable N supply during needle expansion was more important in determining final needle size than limitations imposed on the primordia during the N deficiency pretreatment. Nitrogen deficiency caused reductions in chlorophyll and carotenoid concentrations, P N and G S , and an increase in C i . Refertilization caused a reversal of these changes, and the magnitude of the responses increased with increasing N supply. The large increases in many of the measured parameters in response to the small amounts of added N suggest that young Sitka spruce trees respond positively to N supply and are tolerant of all but severe N deficiency.
Introduction
Nitrogen (N) is a major nutrient determining productivity of deciduous and evergreen forest species (Helms 1976) . A detailed knowledge of the response of trees to available nutrients is needed to improve the efficiency of forest management and to increase productivity on nutrient-poor sites. Because the nutrient requirement of tree stands decreases with increasing age (Miller 1981) , it is desirable to maximize stand productivity as early as possible and to alleviate nutrient deficiencies in the soil without providing excess fertilizer. In an earlier study, we characterized some of the effects of N deficiency on young Sitka spruce and showed that these effects can be reversed by application of N fertilizer at the start of the growth season (Chandler and Dale 1993) . Here we report a study designed to elucidate how productivity is limited by N supply and to determine responses to small additions of N. Specifically, we examined the effects of increases in N supply on needle growth and photosynthesis of young Sitka spruce (Picea sitchensis (Bong.) Carr.) trees previously grown in a N-deficient regime. We chose to study Sitka spruce because it is frequently grown on N-deficient sites throughout the United Kingdom.
Materials and methods

Plant material
In ) at 20 °C. After 1 week, measurements were performed on three trees selected at random from each treatment.
Shoot and needle measurements
For each of the three trees per treatment, leader shoot length was measured and the total number of needles on the leader shoot counted. Needle projected areas of the terminal shoots of Whorl 2 were measured with a Quantimet Image Analyzer (Cambridge Instruments Ltd., Cambridge, U.K.). The number of cells per needle was determined as described by Chandler and Dale (1990 
Pigment concentration and photosynthetic variables
Chlorophyll and carotenoid concentrations were measured on 0.5 g samples of needles initiated in 1988 and collected from the midpoint of the shoot (Chandler and Dale 1993) . Net photosynthetic rate (P N ), stomatal conductance to CO 2 (G s ) and intercellular partial pressure of CO 2 (C i ) were measured for terminal shoots from Whorl 2 with an LCA 2 portable infrared gas analyzer system and data logger (Analytical Development Co. Ltd., Hoddesdon, Herts, U.K.) using an open system with a flow rate of 500 cm 3 min −1
. The analyzer was used in differential mode, and P N was calculated on the basis of total needle projected area per shoot.
Statistical analysis
Significant differences between treatment means for each variable were established by one-factor analysis of variance and Multiple Range Testing (Parker 1979 ). All significant differences quoted are P ≤ 0.05.
Results
Shoot and needle size
Lengths of the leader shoots were variable, but mean shoot lengths increased with increasing concentrations of supplied N up to 112 mg l −1 ( Figure 1A ). Shoot lengths of trees receiving the two highest N concentrations exceeded, but not significantly, the shoot lengths of trees not subjected to N deficiency. Needle number per shoot also increased with increasing N supply ( Figure 1B ). The projected area of needles of trees receiving the highest concentrations of N approached the values of needles of trees not subjected to N deficiency, reflecting a doubling of needle area compared with needles from N-deficient trees not given N ( Figure 1C ). It is not known whether this increase was due to an increase in needle length or width, or both. For needles expanding from primordia initiated in 1988, i.e., before treatments began, increasing the N supply above 14 mg l −1 caused an increase in cell number and needle fresh weight (Figures 2A and 2B ). For needles initiated in 1989 as a result of free growth, fresh weight and cell number reached a maximum in the 112 mg l −1 N treatment (Figures 2A and 2B) , and values were higher than those for primordia formed in 1988 at all N concentrations except 224 mg l
. Because all trees exhibited free growth except those receiving the two lowest N concentrations, it was not possible to determine whether differences in cell number and needle fresh weight between needles initiated in 1988 and 1989 were due to time of primordium initiation or to effects of needles position on the shoot. There was no significant difference in mean cell volume (estimated as mean fresh weight per cell) in needles initiated in either year for any of the N treatments compared with the control ( Figure 2C ).
Photosynthetic components
Total chlorophyll concentration increased with increasing N supply ( Figure 3A) , and only values for trees in the 1 and 7 mg l −1 treatments were significantly lower than the control value.
The same quantitative trend was observed for carotenoid concentration (data not shown). There was a slight increase in chlorophyll a/b ratio with increasing N concentrations up to 28 , but no ratios were significantly lower than the control ratio (data not shown). Net photosynthetic rate increased with increasing N concentration up to 28 mg l −1 ( Figure 4A ). Net photosynthetic rate was significantly lower in trees in the 0 mg l −1 N treatment than in control trees and in trees in all other treatments, with respiration exceeding photosynthesis. Stomatal conductance increased with increasing N concentration up to 112 mg l −1 (Figure 4B ), but variability was large, and no treatment mean was significantly different from the control. The value of C i decreased with increasing N concentration up to about 56 mg l −1 and approached the control value at higher concentrations ( Figure 4C) . Values of C i for trees in the 0 mg l −1 N treatment were significantly higher than for trees in the other treatments.
Discussion
Effect of N on needle size and cell number
Needle growth was inhibited in trees grown under conditions of N deficiency (cf. Radin 1983, Chandler and Dale 1993) . Refertilization resulted in increases in needle length and projected area as has been observed in other species (Brix and Ebell 1969 , Dale 1982 , Terry et al. 1983 . Refertilization with high N concentrations resulted in larger needles with more cells than refertilization with low N concentrations; however, there was no effect of N on mean cell size, indicating that the effect of N nutrition was on cell division rather than on cell expansion. This contrasts with findings in other species where increasing N supply increases mean cell size, the number of cells per leaf, and the rate of cell expansion (Terry 1970, Radin and Parker 1979) . In Sitka spruce, the differences in needle size at different N concentrations were determined by cell number regardless of whether needles were initiated under N-deficient conditions during 1988, or by free growth under nutritionally favorable conditions during 1989. Because cell number was not measured throughout the growth season, it is not known whether the increase in needle cell number in response to N refertilization was a result of more rapid cell division or a longer period of cell division. Chandler and Dale (1990) reported that the number of cells in the needle primordium of Sitka spruce, which is also affected by P and K deficiency and position on the shoot, predetermines final needle cell number; however, the increase in cell number of needles initiated in N-deficient conditions following the N fertilization in the subsequent season suggests that the limitations on cell number established in the primordium can be overridden by increasing N supply during needle expansion in small 2-to 3-year-old plants. It is not known whether the addition of N to older N-deficient trees also results in increased growth.
Effect of N on photosynthesis
The reduction in chlorophyll a/b ratio at low N concentrations indicates that a higher proportion of chlorophyll b relative to chlorophyll a was present in photosynthetic reaction centers at low N concentrations than at high N concentrations (cf. Chandler and Dale 1993). Ingestad and Kahr (1985) also observed regreening in needles of Pinus sylvestris L., Picea abies L. and Pinus contorta Dougl. when seedlings grown in low-N nutrient solutions were resupplied with N. The decrease in G s with increasing N deficiency (cf. Ryle and Hesketh 1969, Nevins and Loomis 1970) may be associated with a reduction in size of the stomatal aperture, as found by Shimshi (1967) for wheat. The decrease in C i with increasing N concentration implies that the efficiency of CO 2 transfer to the mesophyll cells increases with increasing N supply, and therefore that mesophyll conductance to CO 2 increases in parallel with G s to control CO 2 availability to cells under conditions of varying N supply, and may explain the increase in P N with increasing N concentrations up to 14 mg l 
